Reliable stability and yield of RNA from breast cancer tissues are important for biobanking, clinical trials, and diagnostic testing.
Genomic profiling has enabled the identification of molecular subclasses of tumors that are associated with different prognostic outcomes (1) or differential response to breast cancer treatments (2) (3) (4) . Such multiplex molecular assays could support personalized cancer treatment (5, 6) . Indeed, multigene predictive or prognostic tests based on measurements of RNA expression-some of which use a microarray platform (7)-are now offered commercially. In addition, microarray-based genomic data are widely used by cancer researchers. However, information about how the biological samples were collected and preserved is usually limited in research tissue cohorts. Therefore, to inform best practices for sample collection in clinical research and practice, it is important to evaluate systematically variables of biospecimen integrity that affect the quality of isolated RNA and expression measurements of single genes and multigene signatures (8) (9) (10) .
There are two main sources of variability in gene expression measurements: pre-analytic sources, which are related to the tumor sample itself and influenced by the sample collection process, and technical sources, which are related to the analytical platform. The Food and Drug Administration-sponsored MicroArray Quality Control Consortium assessment of the analytical performance of several quantitative gene expression platforms confirmed agreement in gene expression measurements generated by different commercial microarray platforms (11) and by quantitative real-time polymerase chain reaction (12) . However, these studies used commercially available universal human reference RNAs and thus did not evaluate the effect of pre-analytic sources of variability. Tumor specimen collection, handling, or processing can affect the quality of RNA and distort gene expression patterns that are typically associated with a disease condition (13) . Relevant factors that are associated with sample collection include warm ischemic duration (ie, the time between surgical incision and tumor specimen removal) (14) (15) (16) (17) , activation of cellular stress response induced by surgical manipulation (18, 19) , cold ischemic duration (ie, the time from tumor specimen removal to sample preservation) (20, 21) , methods of tissue processing and storage (21, 22) , and intratumor heterogeneity (23) (24) (25) . Some types of tissue appear to be more susceptible to pre-analytic variation (13) ; in general, tumor specimens appear to be less prone to pre-analytic stresses compared with normal tissue from the corresponding organ or site (26) .
Several groups (27, 28) have proposed guidelines for human tumor specimen collection in clinical and translational research studies. Nonetheless, studies that are specifically designed to compare effects of variables in specimen handling on multigene assay predictions should inform future refinements of standard operating procedures for clinical research and testing. Such studies could prioritize the most critical and correctible variables so that their effects can be minimized by generally implementable standardized collection protocols in a clinical setting. This study was designed to evaluate the effects of post-resection cold ischemic time and tissue preservation method on RNA yield and integrity and on microarray-based measurements of gene expression in the context of breast cancer.
Patients and Methods

Study Design and Tumor Specimen Collection
Tumor tissue samples from 11 previously untreated breast cancer patients were collected at the time of intraoperative pathology assessment of surgical resection specimens at the University of Texas M.D. Anderson Cancer Center (MDACC). All patients provided written informed consent. The study was approved by the Institutional Review Board of MDACC. The times at which the first surgical incision was made and the specimen was removed from the patient were recorded in the operating room. Surgical resection specimens were immediately transported at room temperature to the adjacent Pathology Department for immediate pathological evaluation, including measurement, inking, slicing, and macroscopic evaluation of the tumor and margins, with radiological specimen evaluation, if required. Thereafter, a pathologist obtained a piece of tumor tissue for this study if the tumor was grossly obvious, measured more than 2.0 cm in diameter, and was considered by the pathologist on duty to not be required for diagnostic or other consented research use. To minimize intratumoral heterogeneity, the piece of tumor tissue was minced into fragments of 1-2 mm in a Petri dish using a sterile blade, and those fragments were stirred and divided into eight grossly equal portions. A portion of the tissue fragments was placed into 1.5 mL of RNAlater RNA stabilization reagent at room temperature (Ambion Inc, Austin, TX) immediately after mincing (defined as 0 minutes or baseline), and the remaining portions were placed in 1.5 mL of room temperature RNAlater after being held at room temperature for 20, 40, 60, 120, or 180 minutes, or snap frozen in dry ice in a prechilled sample vial immediately (0 minutes or baseline) and after 40 minutes at room temperature ( Figure 1 ). The time that each portion of tissue fragments was placed into contact with RNAlater solution or in the prechilled vial was recorded in the Pathology Department. The lid of the Petri dish was closed during the additional time that the sample was held at room temperature to prevent drying or contamination of tissue. All stabilized samples were stored at 280°C until RNA extraction. For each sample, we recorded the time that it was placed in the 280°C freezer and the time that it was removed from the freezer for RNA extraction. For the first 11 samples, the selection of which tissue aliquot to collect from the Petri dish at each given time was informal (ie, in no
Prior knowledge
Genomic profiling based on measurements of RNA expression in biopsy specimens is used to identify molecular subclasses of tumors that are associated with different prognostic outcomes or differential response to breast cancer treatments. Parameters of tumor sample collection can vary widely and may affect the quality of isolated RNA and expression measurements of single genes and multigene signatures.
Study design
A systematic evaluation of the effects of tissue preservation method (ie, RNAlater vs snap freezing) and prolonged cold ischemia on RNA quality and expression of single genes and multigene signatures across 17 primary breast tumors that represented a range of disease stages and surgical conditions.
Contribution
Samples preserved in RNAlater had improved RNA integrity and threefold greater RNA yield compared with snap-frozen samples. Exposure of tumor tissue to an additional 40 minutes at room temperature before preservation did not affect the integrity or the purity of the extracted RNA. Tissue samples that sat for up to 3 hours at room temperature before preservation in RNAlater had a small but statistically significant reduction in the RNA integrity number but no change in RNA yield or purity compared with samples preserved immediately. Nevertheless, there was no or minimal effect on the expression of single genes or multigene signatures of breast cancer.
Implications
RNAlater is better than snap freezing for collection of RNA with high yield and quality for gene expression profiling of small tissue samples from patients with breast cancer. Typical delays that could occur during tissue sampling do not adversely affect RNA yield or quality for evaluation of gene expression using microarrays, even if moderate degradation of transcripts is evident.
Limitation
The study was not designed or powered to evaluate the influence of other factors, such as anesthesia, other medications, or other stress responses related to surgery on RNA yield and/or integrity.
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Downloaded from https://academic.oup.com/jnci/article-abstract/103/24/1871/936341 by guest on 11 April 2019 particular sequence) because the aliquots were grossly similar. We subsequently extended the study with an additional six breast cancers that were processed as described above, except that to address any potential bias due to size of the tissue portions, the grossly similar tissue portions were assigned to the different conditions of preservation and cold ischemia as follows: The aliquots were placed on prenumbered sections in the Petri dish and each aliquot number was preassigned to a treatment according to a randomized scheme. RNA was extracted from all 17 samples; microarray profiles were generated from the first 11 samples only.
RNA Isolation and Quality Assessment
Total RNA was extracted from breast tumor tissue with the use of an RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The concentration of total RNA (ng/µL) was determined at an absorbance of 260 nm (A260) using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE) and was used to calculate the total RNA yield (µg); RNA purity was assessed by measuring absorbance at 260 nm and at 280 nm (A280) and was based on the A260/A280 ratio. Samples with total RNA yield of at least 1 µg and an A260/A280 ratio of at least 1.8 were considered to be of sufficient quality for further analysis. The RNA was analyzed using the Agilent 2100 Bioanalyzer RNA 6000 Nano LabChip (Agilent Technologies, Palo Alto, CA) to produce an electrophoresis trace from which the RNA integrity number was calculated using the 2100 Expert Software (Agilent Technologies). RNA integrity number values range from 10 for intact RNA to 1 for totally degraded; values greater than 6 are generally considered to be of acceptable integrity for gene expression measurement (29) .
Analysis of Gene Expression by Microarray Hybridization
We generated gene expression profiles for the first set of 11 tumor samples (MD40-MD71; 
Microarray Processing and Statistical Analysis
The raw intensity data (CEL) files from human genome U133A Gene Chip microarrays were processed using the Affymetrix Microarray Suite 5.0 algorithms as implemented in the software package affy on the R/Bioconductor platform (www.bioconductor. org) (32) to generate probe-level intensities that were normalized to an array-wide median array intensity of 600 units. Expression values were log2-transformed and subsequently scaled by the expression levels of 1322 breast cancer reference genes to reference values that had been established as the median expression of these genes in an independent reference cohort of invasive breast cancers (N = 444) (33, 34) . The quality of gene chip hybridization and microarray profiling was assessed based on a set of four metrics that compare the expression level of the reference genes in each sample with the historical reference values before and after scaling. The quality metrics include the median deviation, the interquartile range of deviations, the Kolmogorov-Smirnov statistic for equality of the distributions, and the P value of the Kolmogorov-Smirnov statistic. Dimensionality was reduced through a principal component analysis model of the eight metrics, which were further summarized in two multivariable statistics, the Hotteling T 2 and the sum of squares of the residuals or Q statistic (35) . Control limits for Q and T 2 for sample acceptance were established from historical human genome U133A microarray profiles that had passed the Affymetrix data quality guidelines (36) .
We evaluated the effect of time until sample preservation on five standard Affymetrix RNA integrity metrics, defined as the 3′/5′ expression ratios and calculated from the ratio of the raw (prenormalization) expression levels of probe sets from the 3′-most end over from the 5′-most end of each of the following gene transcripts: ACTB, GAPDH, STAT1, 18S ribosomal RNA (rRNA), and 28S rRNA (36); on a set of single gene expression measures (ESR1: probe set 205225_at; ERBB2: probe set 216836_s_at; MKI67: probe set 212021_s_at); and on four multigene expression indices [the sensitivity to endocrine therapy (SET) index (33), the genomic grade index (GGI) (37, 38) , the intrinsic subtypes predictor PAM50 (39) , and a microarray approximation of the recurrence score computed as described previously (2,40)]. All multigene indices were evaluated as numeric (continuous) measurements, except for PAM50, for which the effect of the experimental factors was evaluated qualitatively based on the agreement in subtype assignment within each tumor sample.
Linear mixed-effects (LME) regression models with a random within-group intercept were used to estimate the effects of sample stabilization method and time delay until sample stabilization (0 vs 40 minutes), adjusting for a batch effect due to the two sets of samples (first set of 11 samples vs second set of six samples). The statistical significance of the fixed-effect coefficients and the random-effects interaction was evaluated by using the likelihood ratio test to compare the full model with a reduced model that did not include the term of interest (41) . The effect of sample stabilization delay (cold ischemic time) was assessed using similar LME models with a fixed slope representing the cold ischemic time effect on each index and a random intercept to account for biological variation among tumors. The tumor-level effects of warm ischemic time (time between first surgical incision and tumor specimen removal) and of baseline cold ischemic time (time from surgical removal of tumor specimen to immediate sample stabilization) were modeled as group-level fixed effects in the random intercept fixed-slope LME model (42) . We used a simple scalar withingroup error covariance structure for this experimental design because different tissue aliquots were used at the different time points and, therefore, the potential for serial correlation in the response within each tumor sample was minimized. Statistical significance of the tumor-level predictors was assessed by using the likelihood ratio test to compare the full model with a reduced model without the tumor-level predictor (41) . Details of the statistical model are provided in Supplementary Statistical Methods (available online). Statistical computations were performed in R (version 2.10.1) (43) using the software package lme4 for LME regression analysis (44) . Statistical significance of the difference in ischemic times between different groups was based on the MannWhitney test. All reported confidence intervals (CIs) are symmetric and based on the normal distribution. All statistical tests were two-sided.
Results
Patient Clinical Characteristics and Sample Collection Details
All of the 17 breast cancer samples had sufficient RNA yield and purity for inclusion in this study. The median age of the patients at diagnosis was 57 years (range = 44-82 years), and 13 of the breast tumors were estrogen receptor positive, three were triple negative, and one was HER2 positive (Table 1) . Eight patients underwent total mastectomy, and nine had segmental mastectomy. The median warm ischemic time-defined as the time between first surgical incision and tumor specimen removal-was 53 minutes (range = 12-118 minutes) and was statistically significantly longer for patients who underwent total mastectomy compared with patients who underwent segmental mastectomy (67 vs 40 minutes, difference = 27 minutes, 95% CI = 0 to 54 minutes, P = .016 [Mann-Whitney test]). The median baseline cold ischemic timedefined as the time from tumor specimen removal until the sample was stabilized by placing it in RNAlater or by snap freezing-was 45 minutes (range = 23-68 minutes) and included the time required to transfer the tumor specimens from the operating room to the room where specimen sectioning for pathological evaluation was performed (median = 5.5 minutes, range = 4-8 minutes). Samples in RNAlater solution were held at room temperature for median duration of 62 minutes before they were placed into the 280°C freezer for storage until RNA processing.
Sample Preservation in RNAlater vs Snap Freezing
To assess whether collection of a sample into RNAlater solution helps preserve RNA integrity, we compared the effects of immediate freezing of tumor samples in prechilled sterile vials plunged into dry ice vs stabilization of the samples in RNAlater at room temperature before freezing. We compared the quality of RNA from the 17 tumor samples stabilized either by immediate freezing or by placement in RNAlater and after holding the samples for 40 minutes at room temperature before freezing or placement in RNAlater. The yield and quality of RNA isolated from each sample by each stabilization method according to stabilization delay are given in Supplementary Table 1 (available online). RNA from samples that were snap frozen at baseline or after 40 minutes at room temperature was more fragmented compared with RNA from the same samples stabilized in RNAlater, as evidenced by the Bioanalyzer electrophoresis traces (Supplementary Figure 1 , available online). The first three snap-frozen samples that we processed (MD53, MD57, and MD64) showed extensive RNA fragmentation (Supplementary Figure 1, available online) , possibly due to a short thawing period that occurred before the first solution of the RNA extraction kit was added. The protocol was subsequently modified to add the buffer to the frozen tissue immediately upon removal from the freezer, and this change improved the quality of RNA from the snap-frozen samples, as suggested by improved traces from the subsequent samples.
The effects of stabilization method and cold ischemic delay on the yield and integrity of isolated RNA were evaluated in a 2 × 2 factorial set up (ie, two preservation protocols and two time points [0 and 40 minutes]) using a mixed-effects model to account for intertumor variation. The first three samples that were processed (mentioned above) were excluded from this analysis. Compared with snap freezing, sample preservation in RNAlater statistically significantly improved RNA integrity as assessed by the RNA integrity number, which increased from 7.31 to 8.13 units (difference = 0.82 units, 95% CI = 0.53 to 1.11 units, P < .001), and RNA yield, which increased threefold from 8.9 to 28.6 µg (difference = 19.7 µg, 95% CI = 14.1 to 25.3 µg, P < .001), even after we adjusted for the fact that the second set of samples had a statistically significantly higher RNA yield compared with the first set of samples (RNA yield for first vs second set: 8.9 vs 23.1 µg, difference = 14.2 µg, 95% CI = 0.7 to 27.7 µg, P = .04) ( Table 2 ). The additional 40-minute delay at room temperature before sample stabilization did not statistically significantly affect RNA integrity or yield. In addition, the estimated model intercept for the A260/ A280 ratio of 2.06 (95% CI = 2.04 to 2.08), which represents the average ratio for snap-frozen samples from the first set of samples at zero delay (Table 2) , suggested high RNA purity, regardless of stabilization method or processing delay. The estimated intraclass correlation coefficient for RNA integrity number was 0.824, which suggests that 82% of the observed variation not explained by preservation method or cold ischemia was due to variation between tumors, and leaving only 18% of variation attributable to other causes. However, the intraclass correlation coefficients for RNA yield and A260/A280 ratio of samples from the same tumor were 0.533 and 0.406, respectively, suggesting a larger role for other causes of variability of RNA yield and A260/A280 ratio.
Effect of Prolonged Cold Ischemia on RNA Integrity
We next evaluated the effects of increasing the total cold ischemic time on the integrity of RNA isolated from breast cancer tissue samples stabilized in RNAlater (Figure 1, B) . A tissue aliquot was placed into RNAlater RNA stabilization reagent at room temperature immediately after mincing (defined as 0 minutes or baseline), and additional aliquots were placed in RNAlater after being held at room temperature for 20, 40, 60, 120, or 180 minutes. Although there was considerable variation in RNA electrophoresis traces among the baseline samples (ie, those preserved in RNAlater with no delay), we observed only minor changes in the traces with longer cold ischemic time within each series of samples (Supplementary Figure 2, available online) . Overall, prolonged cold ischemia had a modest effect on RNA integrity as assessed by the RNA integrity number (Figure 2) . However, four samples had noticeable fragmentation at baseline, particularly in the low molecular weight (ie, 5S) region of the trace (samples MD49, MD53, MD57, and MD66; Supplementary Figure 2 , available online), suggesting that partial degradation may be from intratumoral necrosis or may have occurred during tumor excision, specimen collection, and processing. Indeed, three of these samples (MD53, MD57, and MD66) had the longest recorded warm ischemic times (Table 1) , but their RNA integrity numbers were within acceptable limits (>6.3; Supplementary Table 1, available online). RNA fragmentation increased with prolonged cold ischemia in two samples (accumulation in the region of the trace between the 18S and 28S peaks for sample MD52 and/or in the 5S region for sample MD66; Supplementary Figure 2 , available online). Both of these patients underwent total mastectomies, and, consequently, their samples had longer warm ischemic times compared with the median warm ischemic time (67 and 75 minutes vs 53 minutes; Table 1 ). One Table 2 . Mixed-effects analysis of the 2 × 2 study for the effect of sample preservation method and time delay on RNA quality metrics* * Fixed effects are the experimental factors in the design, whereas random effects capture the variation in the data that is not attributed to experimental factors, such as intertumor variation and the intratumor or residual variation (error component). The intercept represents the average level of the given response in snap-frozen samples from the first set of 11 samples at 0 minutes of additional delay. A260/A280 = ratio of the absorbance at 260 nm to the absorbance at 280 nm; CI = confidence interval; ICC = intraclass correlation coefficient; NA = not applicable; RIN = RNA integrity number. † Four samples were excluded from the analysis of the RIN. Samples MD53, MD57, and MD64 were excluded because they were processed before an adjustment in the thawing protocol of the snap-frozen samples; sample MD40 was excluded because snap-frozen specimens were not collected. ‡ P values (two-sided) for the fixed effects estimated from the likelihood ratio test of the full model and a reduced model without the particular term. § Block 2 represents the additional six samples (MD115-MD122).
ǁ The ICC can be interpreted as the fraction of total variation in the data explained by differences between tumor samples. For example, an ICC of 0.824 means that 82.4% of the total residual variation in RIN is due to between-tumor differences and only 17.6% is due to within-tumor variation not explained by the experimental factors. Statistical regression analysis based on random intercept fixedslope LME models confirmed that additional cold ischemic delay at room temperature before sample stabilization decreased the RNA integrity number by 0.12 units/h (95% CI = 0.02 to 0.23 units/h) compared with a projected average RNA integrity number of 7.39 if no delays were present (P = .008) and decreased the RNA yield by 1.5 µg/h (95% CI = 0 to 4 µg/h) from a baseline mean RNA yield of 33.5 µg if no delays were present (P = .019) ( Table 3) . It is interesting that neither of the tumor-level covariates (ie, warm ischemia or minimal cold ischemia) had any effect on the RNA quality metrics or yield. When surgery type and tumor size were added as group-level variables, total mastectomy was associated with statistically significantly lower RNA yield (P = .001), and larger tumor size was associated with a statistically significantly higher RNA yield (P < .001; data not shown). These covariates did not have an effect on RNA integrity number (data not shown). Finally, the block factor (first 11 samples vs subsequent six samples) did not have a statistically significant effect or interaction with the extended cold ischemic delay, implying that the effect of cold ischemic delay was similar in both batches of samples.
Effect of Tissue Preservation Method on Stability of Single Gene Biomarkers and Multigene Indices
We extended the study to evaluate the effect of tissue preservation on gene expression measurements derived from microarrays. Samples of tumors from the first 11 patients (MD40-MD71; Table 1 ) were subjected to gene expression profiling by use of Affymetrix U133A microarrays. Of the 86 microarrays profiled (ie, six different time points in RNAlater and two time points snap frozen per sample, except for MD40, for which snap-frozen samples were not collected), only four failed microarray-based quality control tests (all originated from snap-frozen samples), whereas seven had RNA integrity number less than 6, suggesting a rather weak association between RNA integrity number and microarraybased quality control. Single gene measurements and multigene indices were generally not affected by extended cold ischemic delays at room temperature for samples preserved in RNAlater, as shown in Figure 3 for four tumor samples from representative breast cancer phenotypes, including a carcinoma with mucinous features (from patient MD52) that had variable RNA integrity numbers. For example, the tumor sample from patient MD40 displayed a decrease in the RNA integrity number and an increase in the 3′/5′ transcript ratio (an indicator of mRNA degradation) for 18S rRNA with increasing cold ischemic time. Both of these findings represent increasing RNA fragmentation, but gene expression measurements for ESR1, ERBB2, and MKI67 and the GGI and SET index were unaffected (Figures 2 and 3) . LME regression analysis of the cold ischemic time series from the first set of 11 samples suggested that prolonged cold ischemic time, in addition to reducing RNA integrity number, was also associated with a large and statistically significant increase in the 3′/5′ ratio for STAT1 RNA (P < .001), moderate but statistically significant increases in the 3′/5′ ratios for beta actin RNA (P = .02) and 18S rRNA (P = .006), and a statistically significant reduction in the 3′/5′ ratio for 28S rRNA (P = .006) ( Table 4) . Based on the size of the estimated effects, the 3′/5′ ratios for STAT1 RNA and 28S rRNA appear to be potentially sensitive markers of cold ischemic effect; however, both ratios had intraclass correlation coefficient less than 0.5, suggesting that a larger within-tumor variation is associated with these metrics than with the RNA integrity number. The warm ischemic time or the minimum cold ischemic time associated with each tumor specimen did not have a statistically significant effect on the 3′/5′ ratio of any of the control genes evaluated (data not shown). It is interesting that samples that were preserved in RNAlater had statistically significantly lower Total cold ischemic time (h) Figure 3 . Effect of increasing total cold ischemic time on the RNA integrity number (RIN) and microarray-based gene expression indices. Total cold ischemic time was defined as the baseline cold ischemic time plus delay at room temperature. The y-axis of the plots (labeled Genomic index value) shows the scaled and log2-transformed expression levels for single genes (ESR1, HER2, KI67), the 3′/5′ expression ratio for 18S ribosomal RNA (r2Hs18S rRNA), the values of the multigene genomic indices (GGI, SET index, RS), and the value of the RIN. Shown are the data from four breast cancer case subjects that represent typical breast cancer phenotypes defined by the combined estrogen receptor and HER2 status from routine pathology testing. Symbols represent measurements derived from a single microarray profile that was generated from RNA extracted from the tissue aliquot preserved at the indicated time. A) A grade 3 estrogen receptor-positive and HER2-negative breast cancer (MD71, crosses) and a grade 3 estrogen receptor-negative and HER2-positive breast cancer (MD64, circles). B) A grade 3 estrogen receptor-negative and HER2-negative cancer (MD40, circles) and a grade 2 estrogen receptor-positive and HER2-negative mucinous breast cancer (MD52, crosses). Solid lines indicate a smooth local regression line. ESR1 = log2-transformed expression of estrogen receptor 1 gene; GGI = genomic grade index; HER2 = log2-transformed expression of v-erb-b2 erythroblastic leukemia viral oncogene homolog 2 gene; KI67 = log2-transformed expression of proliferation antigen identified by monoclonal antibody Ki-67 gene; r2Hs18S rRNA = 3′/5′ ratio for 18S ribosomal RNA; RS = microarray-based recurrence score; SET index = sensitivity to endocrine therapy index.
3′/5′ transcript ratios compared with samples preserved by snap freezing, suggesting that they had less mRNA fragmentation (ACTB, P < .001; GAPDH, P < .001; STAT1, P = .014; 18S rRNA, P < .001; Supplementary Table 2 , available online). On the other hand, preservation in RNAlater resulted in statistically significantly lower expression of ESR1 (P = .003) and ERBB2 (P = .016) compared with snap freezing of samples, but the magnitude of the reduction in the expression level of these genes was rather small and thus unlikely to affect assignment of estrogen receptor and HER2 status based on microarray measurements. In addition, multigene indices were not affected by the preservation method of the tumor samples (Supplementary Table 2 , available online). LME regression analysis of the first set of 11 samples revealed that increasing cold ischemic time had no statistically significant effect on the expression levels of single genes (ESR1, ERBB2, and MKI67) or multigene indices, except for GGI which was statistically significantly reduced (P = .007); however, the magnitude of the effect (25.4 units/h of cold ischemia) corresponds to less than 1% of the range of the GGI and thus is unlikely to affect tumor grade assignment. The assignment of breast cancer subtypes Table 3 . Mixed-effects analysis of the effect of cold and warm ischemic times on RNA quality metrics* RIN (N = 16) RNA yield, µg (N = 17) RNA A260/A280 (N = 17) * Analysis based on 17 tumors and six cold ischemia times per sample; tumor MD52, a mucinous carcinoma, was considered to be a technical failure and was excluded from the RIN analysis. The intercept represents the projected value of the quality metric if there were zero total ischemic delay (warm + cold + delay at room temperature). A260/A280 = ratio of the absorbance at 260 nm to the absorbance at 280 nm; CI = confidence interval; NA = not applicable; RIN = RNA integrity number. † P values (two-sided) for the fixed effects estimated from the likelihood ratio test of the full model and a reduced model without the particular term. ‡ Warm ischemia is defined as the time between the first surgical incision and the removal of the tumor specimen. § Baseline cold ischemia is defined as the minimum elapsed time from tumor specimen removal until immediate sample stabilization in RNAlater.
Model and effect
ǁ Cold ischemic delay refers to the additional time minced tumor specimens were held in a Petri dish at room temperature to simulate the effect of extended cold ischemic time. (PAM50) was not affected by cold ischemic delay in nine of the 11 tumors studied (Supplementary Table 3 , available online) and was similar in both snap frozen samples in all 10 tumors studied. Tumors MD49 and MD71, for which subtype assignment varied with cold ischemic delay, were probably not sufficiently representative of any of the breast cancer subtypes, and therefore the observed variation was more likely the result of equivocal subtype assignment rather than loss of RNA integrity (Supplementary  Table 3 , available online). The large intraclass correlation coefficients for genes and genomic indices (Table 4) suggest that by far the largest source of the residual (unexplained) variation in these indices across all samples is the between-tumor variation, which is consistent with the fact that the selected genes and multigene indices are strongly associated with the distinct breast cancer phenotypes of the tumors used in this study (32, (35) (36) (37) (38) (Table 1 ). Warm ischemic time had no statistically significant effect on any of the genomic measures examined (data not shown).
Discussion
In this study, we systematically evaluated the effects of tissue preservation method and prolonged cold ischemia on RNA quality and microarray indices across 17 primary breast tumors that represented a range of disease stages and surgical conditions. Contrary to previous studies that reported no major differences in RNA integrity between samples preserved in RNAlater and samples preserved by snap freezing (21, 22) , we found that samples preserved in RNAlater had improved RNA integrity and considerably (ie, threefold) greater RNA yield compared with snap-frozen samples. We also found that exposure of tumor tissue to an additional 40 minutes at room temperature-a realistic delay that could occur during routine examination and tissue sampling-did not affect the integrity or the purity of the extracted RNA. Analysis of the time course data suggested that allowing tissue samples to sit in a closed Petri dish at room temperature for up to 3 hours before preservation in RNAlater caused a small but statistically significant reduction in the RNA integrity number but had no effect on RNA yield or purity. Several factors could have contributed to the almost tripled RNA yield and higher RNA integrity number for the samples preserved in RNAlater compared with those preserved by snap freezing. The most likely explanation is that nucleic acids in small pieces of tissue are better preserved in RNAlater than by snap freezing. Indeed, small pieces of tissue have high ratio of surface area to volume, which might preferentially favor tissue penetration by a preservative solution but accelerate tissue desiccation or degradation when tissue is snap frozen. It is also possible that the kit-based RNA extraction procedure that we used is better suited to samples that are preserved in RNAlater. Nonetheless, our results are likely to be relevant for clinical research studies that use small tumor samples from core or endoscopic biopsy specimens and rely on standard protocols for sample handling and purification of RNA (45) .
In addition to cold ischemic duration and sample preservation method, we also evaluated the effect of intraoperative duration on tumor sample integrity. We have used the term "warm ischemic time" to describe the interval between first surgical excision and surgical removal of the tumor specimen from the patient. However, we recognize that in breast surgery there is a variable delay between first incision and surgical compromise of the vascular supply to the tumor, that tumor ischemia is not defined by a single moment of vascular clamping, and that the operative duration may include axillary surgery. Indeed, the surgical interruption of blood supply is likely to be progressively incremental during the surgical procedure, be variable between operations, and depends on the anatomy of vascular supply to each tumor. We observed that samples from total mastectomies had longer warm ischemic durations and statistically significantly lower RNA yields compared with samples from segmental mastectomies, but they displayed no difference in RNA integrity number. Overall, the duration of warm ischemia did not statistically significantly affect RNA integrity or yield in this study. However, a limitation of this small study is that we cannot exclude the possibility that other factors such as anesthesia, other medications, or other stress responses related to surgery might have an influence on RNA yield and/or integrity.
A key question for quality assurance of clinical tumor samples is whether the RNA integrity number or the microarray-based RNA integrity measures provide valuable information about the suitability of a sample for microarray analysis. We observed that the RNA integrity number was inversely associated with the extent of transcript degradation (assessed by an increase in 3′/5′ expression ratio) of two of the housekeeping genes studied, GAPDH and ACTB (Figure 4 ). This finding is consistent with a previous report (11) . Furthermore, prolonged cold ischemia reduced the RNA integrity number and increased transcript degradation (increased 3′/5′ ratio) of three of the housekeeping genes studied but did not affect the mRNA transcripts for ESR1, ERBB2, and MKI67 (Table 4) . This finding suggests a weak association between the RNA integrity number and the integrity of the mRNA transcripts evaluated here.
The RNA integrity number is derived from the relative expression and integrity of 28S rRNA and 18S rRNA transcripts. However, as discussed by Fleige et al. (46) , structural differences between ribosomal and messenger RNA species, the more rapid degradation of 28S rRNA than 18S rRNA, and the greater similarity of 18S rRNA to average-length mRNAs all lead to uncertainty about the relationship between RNA integrity number and mRNA integrity, except when there is marked sample degradation. Indeed, moderate degradation of RNA (as determined from RNA integrity number) does not preclude the accurate measurement of normalized gene expression levels from a sample (26) .
We found that 28S rRNA and 18S rRNA transcript integrity had different patterns of association with sample integrity. Prolonged cold ischemic duration was associated paradoxically with statistically significantly increased integrity (lower 3′/5′ expression ratio) of 28S rRNA transcripts and statistically significantly decreased integrity (higher 3′/5′ expression ratio) of 18S rRNA transcripts (Table 4) . Although it is possible that 28S rRNA degradation occurs preferentially at the 5′ end of the transcript, thus reducing expression of the 5′ probe set and resulting in higher 3′/5′ ratio, we do not know of any biological precedent for this explanation. However, the association between the integrity of samples and the integrity of 18S rRNA transcripts is consistent with our observations for the other housekeeping gene transcripts (ACTB, STAT1, and GAPDH).
We were surprised that perturbations to sample integrity had little effect on the normalized gene expression measurements of ESR1, ERBB2, and MKI67, three key genes used for molecular assessment of breast cancer. However, we also note that expression of ESR1 and ERBB2 was statistically significantly lower in RNAlater-preserved samples compared with snap-frozen samples, but these differences (<3% of range) would be too small to alter positive vs negative receptor status in most tumors (Supplementary  Table 2 , available online).
De Cecco et al. (20) suggested that multigene signatures might provide more robust results from partially compromised samples than would single genes, but we did not observe such a difference. We found that the GGI showed a small yet statistically significant decline with prolonged cold ischemia. We also observed variability of intrinsic subtype assignment in two of 11 tumors using the multigene PAM50 signature. This variability is probably not due to RNA integrity but is rather more likely to be due to the mathematical method that is used to assign a gene profile to the closest subtype, wherein certain ambiguous profiles might not be assigned consistently.
In conclusion, this study demonstrated that RNAlater was better than snap freezing for collection of RNA with high yield and quality for gene expression profiling of small tissue samples from patients with breast cancer. Overall, prolonged cold ischemic time of samples in a closed Petri dish at room temperature had no substantial effect on mRNA yield and integrity or the expression of relevant genes for breast cancer assessment, if samples were collected and preserved in RNAlater solution. We believe that these findings are highly relevant for biobanking and for clinical trials that plan to analyze the transcriptome of breast cancer samples, especially those obtained from small biopsy specimens. However, a broader investigation to identify genes whose expression might be more susceptible to ischemic stresses, and possibly expression indices developed from such genes, may provide useful tools to assess more subtle effects of ischemic stress on sample integrity and microarray profiles. Genomic index value Genomic index value Figure 4 . Scatter plot matrix for the correlation between RNA integrity number (RIN) and microarray-based mRNA transcript integrity metrics (ratio of the expression level of probe sets from the 3′ over the 5′ end of the transcript) for actin B, GAPDH, and STAT1 RNAs and 18S and 28S ribosomal RNAs obtained from 86 microarray profiles. The lower part of the matrix shows a series of pairwise scatter plots (the pair of variables plotted in each plot is identified through the labels on the diagonal; eg, the first plot on the top left has RIN on the x-axis and the 3′/5′ ratio for ACTB RNA on the y-axis). The upper part of the matrix shows the corresponding pairwise Pearson correlation coefficients (eg, the correlation coefficient for the 3′/5′ratio for ACTB RNA vs RIN is 20.47).
